Citation: Cunha-Vaz J, Santos T, Ribeiro L, Alves D, Marques I, Goldberg M. OCT-Leakage: a new method to identify and locate abnormal fluid accumulation in diabetic retinal edema. Invest Ophthalmol Vis Sci. PURPOSE. To identify retinal extracellular fluid changes and their correlation with increased retinal thickness (RT) in eyes with subclinical and clinical macular edema in diabetes type 2. METHODS. A cohort of 48 eyes from 48 type 2 diabetic patients with mild or moderate nonproliferative diabetic retinopathy (Early Treatment Diabetic Retinopathy Study levels 20/ 35) were classified as having normal RT (10), subclinical macular edema (30), or clinical macular edema (8). They were examined with Cirrus spectral-domain optical coherence tomography (OCT) at baseline visits (ClinicalTrials.gov number, NCT01145599) in the Coimbra center. Results from automated analysis of the retinal extracellular space, using our OCT-Leakage algorithm to identify sites of low optical reflectivity, were compared with those from a control group of 25 healthy eyes.
D iabetic retinopathy is one of the leading causes of blindness in developed countries. 1 The loss of vision is due to two major vision-threatening complications, proliferative retinopathy and center-involving macular edema. 2 With optical coherence tomography (OCT) it became possible to image the retina in vivo and to evaluate retinal edema by measuring retinal thickness (RT) with high accuracy.
Recent work performed in a large cohort of patients with diabetes type 2 by the European Vision Institute Clinical Research Network (EVICR.net, in the public domain) showed that the increase in RT occurring in diabetic eyes with macular edema is predominately located in the inner nuclear layer (INL), extending to the neighboring retinal layers. 3 This suggests that diabetic macular edema is mainly due to extracellular fluid accumulation, probably resulting from alteration of the bloodretinal barrier (BRB), one of the earliest changes occurring in the retina in diabetes. 4, 5 We report here the application of a new algorithm, herein designated as OCT-Leakage. We developed this technique to perform automated analysis of the retinal extracellular space, using spectral-domain optical coherence tomography (SD-OCT) in a group of eyes with subclinical and clinical center-involving diabetic macular edema.
METHODS

Patients and Control Populations
This analysis was performed in the context of a prospective, multicenter, observational study, designed to follow eyes/ patients with initial stages of nonproliferative diabetic retinopathy (NPDR). The results of this study and its procedures are described by Ribeiro et al. 6 Informed consent was obtained from each patient after explanation of the nature of the study and before any study procedure. The tenets of the Declaration of Helsinki were followed, and approval was obtained from each institutional review board (ClinicalTrials.gov number, NCT01145599).
Only the 48 eyes from 48 diabetic patients who were examined in the Coimbra Centre (Association for Innovation and Biomedical Research on Light and Image) with Cirrus SD-OCT (Carl Zeiss Meditec, Inc., Dublin, CA, USA) are reported here.
To serve as a control population, we included 25 eyes with normal eye examinations from 25 nondiabetic patients, aged 39 to 55 years. iovs.arvojournals.org j ISSN: 1552-5783
Optical Coherence Tomography
We used the high-definition spectral-domain Cirrus 5000 OCT (Carl Zeiss Meditec, Inc.), which allows the acquisition of volumes of 200 3 200 3 1024 or 512 3 128 3 1024 voxels from a region of 6000 3 6000 3 2000 lm 3 . To identify eyes with increased RT in the central subfield (clinical and subclinical macular edema) and in the inner and outer rings, the reference values established by DRCR.net were used: For clinical macular edema (CME) (ClinicalTrials.gov number, NCT01909791) 7 :
RT ‡ 290 lm in women and ‡ 305 lm in men for Cirrus SD-OCT subclinical macular edema (SME) 8-10 : RT > 260 lm and < 290 lm in women and > 275 lm and < 305 lm in men for Cirrus SD-OCT For the inner and outer rings (ClinicalTrials.gov number, NCT01331005) 11 :
Normal RT: no more than one area above the normal range (normal mean þ 2 standard deviations) and no area 15 lm above the normal range Increased RT: at least two areas above the normal range and/or one area 15 lm above the normal range Fulfilling these criteria, 30 eyes presented SME, 8 had CME, and 10 had NPDR without evidence of subclinical or clinical edema.
OCT-Leakage: Analysis of Retinal Extracellular Fluid
Cell nuclei in the retina have higher reflectivity than waterfilled areas. Therefore, it is considered that retinal extracellular fluid distribution will be identified by sites of low OCT optical reflectivity. To be able to identify abnormal increases in extracellular space, we first established a threshold value for optical reflectivity from A-scans obtained from a series of healthy control eyes using HD-OCT Cirrus 5000. The threshold value is established for the OCT device used, as it is dependent on the equipment (Fig. 1 ). The threshold was chosen considering the full retina scan and represents a value set below the mean plus 2 standard deviations of the value obtained in the healthy control eyes. We used the 8-bit reduced dataset of the Zeiss Cirrus 5000. The data were exported using a licensed feature of the Cirrus that exports 8-bit binary data for research purposes. Only scans with signal strength of 7 and above were considered. The data were processed by using the 8-bit reduced data set of the Zeiss Cirrus 5000. They were gathered using a licensed feature that exports 8-bit binary data for research purposes.
A graph theory segmentation algorithm based on Li et al. 12 and Garvin et al. 13 Sites of low optical reflectivity (LOR) are depicted as twodimensional images of the different areas of the eye by assigning a single representative value for each A-scan, which represents the existence of reflectivity values falling below the predefined threshold. The white areas depicted in the LOR maps represent the locations of A-scans having reflectivity values below the predefined threshold, while black areas are above the threshold (Figs. 3, 4, 5). Extracellular fluid distribution in a given area of the retina can be measured by the LOR area ratio, which stands for the number of A-scans with reflectivity values below the threshold divided by the total number of A-scans within the considered area.
Maps of LOR sites can therefore be obtained not only for the full retina scan but also layer by layer for en face images (Figs. 3, 4) .
To assess intraday reproducibility, a qualified technician acquired two consecutive scans of the same signal strength on 18 healthy eyes from subjects with age between 29 and 73 years (mean 6 SD: 51.7 6 16.7 years). The signal strength of the acquired data ranged from 7 to 10 (mean 6 SD: 9.4 6 1.1). The reproducibility for the LOR area ratio was found to be 0.97 with a 95% confidence interval of 0.92, 0.99. For the interoperator reproducibility, two qualified technicians acquired scans of the same signal strength on 17 healthy eyes from subjects with age between 29 and 47 years (mean 6 SD: 39.1 6 5.6 years). The reproducibility for the LOR area ratio was found to be 0.94 with a 95% confidence interval of 0.84, 0.98.
Using the defined threshold, the values for the LOR ratios of the different retinal layers in the central subfield of the healthy eyes were RNFL: 0.17 6 0.05; GCLþIPL: 0.42 6 0.10; INL: 0.31 6 0.08; OPL: 0.37 6 0.10; ONLþIS: 0.96 6 0.03; OS: 0.22 6 0.09; RPE: 0.02 6 0.01. In normal eyes, the highest value of extracellular space is located on the ONLþIS.
Data Analysis
Categorical variables are summarized with frequencies and percentages, and numerical variables are summarized with mean and standard deviation (SD).
Student's t-test was used to assess differences in retinal layer thickness and in LOR ratio between the healthy control group and the study groups (NPDR with normal RT, subclinical edema, and clinical edema).
The Spearman correlation coefficient, r, was used to assess correlations between each layer's RT increase and the LOR area ratio increase. Since we performed multiple correlations, to protect from type I error, a Bonferroni correction was conducted. The new a will be the a-original (0.05) divided by the number of comparisons (7): 0.01. To determine if any of the seven correlations is statistically significant, the P value should be <0.01. The confidence interval determinations were similarly adjusted.
Reproducibility of the LOR area ratio measurements was estimated using the intraclass correlation coefficient (ICC) determined on the basis of a 2-way mixed-effects model, absolute agreement. The ICC is commonly used to measure reliability, and a higher ICC indicates better reproducibility of the method.
All statistical analyses were performed with Stata version 12.1 (StataCorp LP, College Station, TX, USA), and P values less than or equal to 0.007 were considered statistically significant results because the Bonferroni correction was used for multiple comparisons.
RESULTS
Baseline characteristics of the study eyes are presented in Table 1 .
We compared RT values in the central subfield from each of the different segmented retinal layers (RNFL, GCLþIPL, INL, OPL, ONL, IS/OS, RPE). Among the different groups of eyes examined (healthy controls, NPDR with normal RT, subclinical edema, and clinical edema), selective involvement of specific retinal layers is apparent ( Table 2) .
The RNFL and GCþIPL show thinning in the eyes with NPDR without edema. Retinal thickness increases are apparent in NPDR eyes with SME and clinical edema in the GCLþIPL, INL, OPL and ONLþIS layers.
Low optical reflectivity ratios show significant increases in the INL in SME and in the GCLþIPL and INL in CME ( Table 3) .
The healthy control group was used to determine retinal layer thickness increases and LOR ratio increases in the study groups.
In the central subfield, the INL shows the largest increases in RT. These increases are 49.9% in SME and 104.7% in CME. There is also a marked increase in the OPL in SME (29.2%) and in CME (47.3%), with RT increases identified in other retinal layers in clinical macular edema. The preferential involvement of the INL in RT increases is also present in the inner and outer ring areas ( Table 4 ).
Sites of SD-OCT LOR are identified in white, indicating locations of increased extracellular space (Fig. 5 ).
Automated analysis of the retinal extracellular space shows a positive correlation with the observed increases in RT for SME and CME eyes ( Table 4 ).
This correlation between the percentage of increase of the LOR area ratio and the percentage of increase of layer thickness, in the central subfield, was particularly strong in the INL (Fig. 6 ).
Significant positive correlations were also found in the inner and outer ring areas for eyes with increased RT in these areas. For the inner ring, a strong correlation was found in the ONLþIS in the nasal area (r ¼ 0.72 (0.00, 0.95), P ¼ 0.013), and a moderate correlation was present in the OPL in the temporal area (r ¼ 0.53 (À0.15, 0.87), P ¼ 0.041).
In the outer ring, a strong correlation was found in the OPL in the inferior area (r ¼ 0.63 (À0.17, 0.93), P ¼ 0.039) and in the GCLþIPL in the temporal area (r ¼ 0.76 (0.02, 0.96), P ¼ 0.011). Very strong correlations were found in the superior area of the outer ring in RNFL, INL, and ONLþIS (r ¼ 0.88 (0.22, 0.99), P ¼ 
DISCUSSION
This study was a post hoc analysis, including data from only one participating center of a large observational study in eyes of patients with diabetes type 2 and mild NPDR (Early Treatment Diabetic Retinopathy Study [ETDRS] levels 20 and 35) and good visual acuity. In a previous report it was possible to show that the increase in RT in diabetic eyes with macular edema is predominantly located in the INL, extending to the neighboring retinal cell layers, suggesting that it may be due to extracellular fluid accumulation. 3 In the present report the data from one of the participating centers were examined using a novel algorithm to identify the location of the sites of LOR (OCT-Leakage). In this way, automated analysis and mapping of the retinal extracellular spaces (i.e., extracellular fluid) could be accomplished.
A strong correlation was found between the increase in the retinal extracellular space and the increase in RT in the INL in both subclinical and clinical macular edema. This correlation was also observed in other retinal layers, validating the concept that increases in RT in the initial stages of diabetic retinal disease are mainly associated with increases in the retinal extracellular space. Furthermore, it demonstrates that the changes in the retinal extracellular space in diabetic macular edema occur in different amounts in different layers of the retina and are apparently largest in the INL.
Previous attempts to identify sites of LOR in the OCT, with changes in the spaces between cells, and to correlate them with sites of BRB breakdown have demonstrated only limited utility. 14 The new approach presented here for the first time permits the identification, location, and mapping of areas of fluid accumulation and their correlation with changes in RT. Other authors have previously focused on the optical reflectivity of cysts in different retinal diseases, demonstrating that the optical reflectivity could show heterogeneity of reflectivity, especially in DME. 15 Their observations do not oppose our findings. The method proposed here identifies only the sites that have lower than normal optical reflectivity, suggesting that water-based fluid is present in these sites. It is possible that fluid with different densities is present in different eyes with shorter or longer evolution of disease. It is also likely that fluid with high optical reflectivity, such as blood, may occur in the retina, and is not detected by our method.
In diabetic macular edema the extravasation of fluid is considered to be the result of vascular injury and possibly RPE dysfunction, leading to breakdown of the BRB and accumulation of excess extracellular fluid. 16 The method described here detects increases in fluid accumulation in eyes with increased RT due to subclinical and clinical macular edema. Protein-free fluid accumulation is expected to occur before protein leakage. It is, therefore, likely that OCT-Leakage may be at least as sensitive as fluorescein angiography. Importantly, unlike the situation with fluorescein angiography, the amount of fluid can be quantified. Our group is pursuing this line of research and looking at the specificity and sensitivity of automated analysis of the retinal extracellular fluid to identify and quantify the sites of leakage demonstrated by fluorescein angiography.
Automated analysis of the retinal extracellular space appears, therefore, to be a useful tool to evaluate fluid accumulation in retinal edema and may offer a demonstration of the location and severity of the breakdown of the BRB that is responsible for the increases in abnormal extracellular fluid.
The results presented here need to be replicated by other centers with larger patient cohorts. However, they open new perspectives for improving the detection, localization, quantification, and management of retinal edema. Quantification and mapping of the changes occurring in the retinal extracellular fluid allow noninvasive evaluation of alterations of the BRB. Such evaluations are particularly promising in following a specific eye's response to treatment. Using this methodology in conjunction with information obtained through other new, noninvasive imaging methodologies is expected to offer a wider spectrum of information than is currently available. The OCT analysis of diabetic macular edema proposed by Soliman, Sander, and Jorgensen 17 can now be tested using OCT-Leakage with improved identification of the location of abnormal retinal fluid layer by layer.
OCT-Leakage is able to identify the location of the major increases of the retinal extracellular space occurring in cases of macular edema and in the different layers of the retina. This technique is thus able to identify the retinal layers more affected in a specific eye. This information may offer new insights into the progression of and recovery from macular edema.
Finally, location and quantification of retinal edema determined by our method of OCT-Leakage may complement OCT microangiography, thus offering the possibility of obtaining valuable information on breakdown of the BRB and extracellular fluid accumulation, together with improved visualization of capillary dropout and vascular morphology, using only noninvasive OCT-based methodologies.
